Quantum entanglement is among the most fascinating aspects of quantum theory 1 . Entangled optical photons are now widely used for fundamental tests of quantum mechanics 2 and applications such as quantum cryptography 1 . Several recent experiments demonstrated entanglement of optical photons with trapped ions 3 , atoms 4,5 and atomic ensembles [6] [7] [8] , which are then used to connect remote long-term memory nodes in distributed quantum networks 9-11 . Here we realize quantum entanglement between the polarization of a single optical photon and a solid-state qubit associated with the single electronic spin of a nitrogen vacancy centre in diamond. Our experimental entanglement verification uses the quantum eraser technique 5, 12 , and demonstrates that a high degree of control over interactions between a solid-state qubit and the quantum light field can be achieved. The reported entanglement source can be used in studies of fundamental quantum phenomena and provides a key building block for the solid-state realization of quantum optical networks 13, 14 . A quantum network 13 consists of several nodes, each containing a long-lived quantum memory and a small quantum processor, that are connected via entanglement. Its potential applications include long-distance quantum communication and distributed quantum computation 15 . Several recent experiments demonstrated on-chip entanglement of solid-state qubits separated by nanometre 16 to millimetre 17,18 length scales. However, realization of long-distance entanglement based on solid-state systems coupled to single optical photons 19 is an outstanding challenge. The nitrogen-vacancy (NV) centre, a defect in diamond consisting of a substitutional nitrogen atom and an adjacent vacancy, is a promising candidate for implementing a quantum node. The ground state of the negatively charged NV centre is an electronic spin triplet with a 2.88-GHz zero-field splitting between the magnetic sublevels jm s 5 0ae and jm s 5 61ae states (from here on denoted j0ae and j61ae). With long coherence times 20 , fast microwave manipulation, and optical preparation and detection 21 , the NV electronic spin presents a promising qubit candidate. Moreover, it can be coupled to nearby nuclear spins that provide exceptional quantum memories; such coupling allows for the robust implementation of few-qubit quantum registers 16, 22 . In this work, we demonstrate the preparation of quantum entangled states between a single photon and the electronic spin of an NV centre:
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where js 1 ae and js 2 ae are orthogonal circularly polarized single photon states.
The key idea of our experiment is illustrated in Fig. 1a . The NV centre is prepared in a specific excited state (jA 2 ae in Fig. 1a ) that decays with equal probability into two different long lived spin states (j61ae) by the emission of orthogonally polarized optical photons at 637 nm. The entangled state given by equation (1) is created because photon polarization is uniquely correlated with the final spin state. This entanglement is verified by spin state measurement using a cycling optical transition following the detection of a 637-nm photon of chosen polarization.
Understanding and controlling excited state properties is a central challenge for achieving such a coherent interface between spin memory and optical photons. In contrast to isolated atoms and ions, solid state systems possess complex excited state properties that depend sensitively on their local environment 23 . Non-axial crystal strain is particularly important to the present realization because it affects the optical transitions' selection rules and polarization properties 24 . In the absence of external strain and electric or magnetic fields, properties of the six electronic excited states are determined by the NV centre's C 3v symmetry and spin-orbit and spin-spin interactions (shown in Fig. 2a ) 24 . Optical transitions between the ground and excited states are spin preserving, but could change electronic orbital angular momentum depending on the photon polarization. Two of the excited states, labelled jE x ae and jE y ae according to their orbital symmetry, correspond to the m s 5 0 spin projection. Therefore they couple only to the j0ae ground state and provide good cycling transitions, suitable for readout of the j0ae state population through fluorescence detection. The other four excited states are entangled states of spin and orbital angular momentum. Specifically, the jA 2 ae state has the form
where jE 6 ae are orbital states with angular momentum projection 61 along the NV axis. At the same time, the ground states (j0ae, j61ae) are associated with the orbital state jE 0 ae with zero projection of angular momentum (for simplicity, the spatial part of the wavefunction is not explicitly written). Hence, owing to total angular momentum conservation, the jA 2 ae state decays with equal probability to the j21ae ground state through s 1 polarized radiation and to j11ae through s 2 polarized radiation.
The inevitable presence of a small strain field, characterized by the strain splitting (D s ) of jE x,y ae, reduces the NV centre's symmetry and shifts the energies of the excited state levels according to their orbital wavefunctions. For moderate and high strain, the excited states are separated into two branches and there is mixing between levels 25 . In the upper branch, an energy gap protects jA 2 ae against low strain and magnetic fields, preserving the polarization properties of its optical transitions. A group theoretical analysis of the excited states and polarization properties of the transitions is given in the Supplementary Information.
To ensure that jE y ae is a good cycling transition and jA 2 ae acts as an entanglement generation transition as required for the current study, we select an NV centre with relatively small strain splitting (D s < 2 3 1.28 GHz). 
We now turn to the experimental demonstration of spin-photon entanglement. Our experimental set-up is outlined in Fig. 1b and described in the Supplementary Information. To create the entangled state, we use coherent emission within the narrow-band zero phonon line (ZPL), which includes only 4% of the NV centre's total emission. The remaining optical radiation occurs in the frequency shifted phonon side band (PSB), which is accompanied by phonon emission that causes deterioration of the spin-photon entanglement 26 . Isolating the weak ZPL emission presents a significant experimental challenge owing to strong reflections of the resonant excitation pulse reaching the detector. By exciting the NV centre with a circularly polarized 2-ns p-pulse that is shorter than the emission timescale, we can use detection timing to separate reflection from fluorescence photons. A combination of confocal rejection, modulators and finite transmittivity of our optics suppresses the reflections sufficiently to clearly detect the NV centre's ZPL emission in a 20-ns region (Fig. 3) .
For photon state determination, ZPL photons in either the js 6 ae or
Þ basis are selected by a polarization analysis stage and detected after an optical path of ,2 m. Spin readout then occurs after a 0.5-ms spin memory interval following photon detection by transferring population from either the j61ae states or from their appropriately chosen superposition into the j0ae state using microwave pulses, V 61 . The pulses selectively address the j0ae « j61ae transitions with resonant frequencies v 6 that differ by dv 5 v 1 2 v 2 5 122 MHz due to an applied magnetic field. For superpositions of j61ae states, an echo sequence is applied before the state transfer to extend the spin coherence time (see Supplementary Information). The transfer is followed by resonant excitation of the j0ae « jE y ae transition and collection of the PSB fluorescence. We carefully calibrate the transferred population measured in the j0ae state using the procedure detailed in Methods. Figure 4a shows the populations in the j61ae states, measured conditionally on the detection of a single circularly polarized ZPL photon. Excellent correlations between the photon polarization and NV spin states are observed.
To complete the verification of entanglement, we now show that correlations persist when ZPL photons are detected in a rotated polarization basis. On detection of a linearly polarized jHae or jVae photon at time t d , the entangled state in equation (1) is projected to + j i~1 ffiffi 2 p z1 j i+ {1 j i ð Þ , respectively. These states subsequently evolve in time (t) according to:
In order to read out the relative phase of superposition states between j11ae and j21ae, we use two resonant microwave fields with frequencies v 1 and v 2 to coherently transfer the state Fig. 3b ), where the initial relative phase w 1 2 w 2 is set to the same value for each round of the experiment. Thus, the conditional probability of measuring the state jMae is
where
. Equation (4) indicates that the two conditional probabilities should oscillate with a p phase difference as a function of the photon detection time, t d . This can be understood as follows. In the presence of Zeeman splitting (dv ? 0), the NV centre's spin state is entangled with both the polarization and frequency of the emitted photon. The photon's frequency provides which-path information about its decay. In the spirit of quantum eraser techniques, the detection of jHae or jVae at t d with high time resolution (,300 ps = 1/dv) erases the frequency information 5, 12 . When the initial relative phase between the microwave fields V 61 is kept constant, the acquired phase difference (v 1 2 v 2 )t d gives rise to oscillations in the conditional probability and produces an effect equivalent to varying the relative phase in the measured superposition; this allows us to verify the coherence of the spin-photon entangled state. The detection times of ZPL photons are recorded during the experiment without any time gating, which allows us to study spin-photon correlations without reducing the count rate. The resulting data are analysed in two different ways. First, we time-bin the data and use it to evaluate the conditional probabilities of measuring spin state jMae as a function of jHae or jVae photon detection time (Fig. 4c, d ). Off-diagonal elements of the spin-photon density matrix are evaluated from a simultaneous fit to the binned data (see Methods). The time bins are chosen to minimize fit uncertainty, as described in Supplementary Information. The resulting conditional probabilities are used to evaluate a lower bound on the entanglement fidelity of F $ 0.69 6 0.068, above the classical limit of 0.5, indicating the preparation of an entangled state.
We further reinforce our analysis using the method of maximum likelihood estimate. As described in Supplementary Information, this method is applied to raw, un-binned ZPL photon detection and spin measurement data and yields a probability distribution of a lower bound on the fidelity. Consistent with the time-binned approach, we find that our data are described by a near Gaussian probability distribution associated with a fidelity of F $ 0.70 6 0.070 (see Supplementary Fig. 7) . Significantly, the cumulative probability distribution directly shows that the measured lower bound on the fidelity is above the classical limit with a probability of 99.7%.
Several experimental imperfections reduce the observed entanglement fidelity. First, the measured strain and magnetic field slightly mixes the jA 2 ae state with the other excited states. On the basis of Fig. 2b , we estimate that the jA 2 ae state imperfection and photon depolarization in the set-up together reduce the fidelity by 12%, the latter being the dominant effect. Imperfections in readout and echo microwave pulses decrease the fidelity by 3%. Other error sources include finite signal to noise ratio in the ZPL channel (fidelity decrease 11%), as well as timing jitter (another 4%). The resulting expected fidelity (75%) is consistent with our experimental observations. Finally, the entanglement generation succeeds with probability p < 10 26 , which is limited by low collection and detection efficiency as well as the small probability of ZPL emission.
Entanglement of pairs of remote quantum registers is one important potential application of the technique described here 11 . This can be done by coincidence measurements on a pair of photons emitted by two remote NV centres. The key figure of merit for such an entanglement operation over a distance L is proportional to p 2 cT 1zct , where c < 2p 3 15 MHz is the spontaneous decay rate of the NV centre, t 5 L/c is the photon travel time, c is the velocity of light, and T is the memory lifetime. A large figure of merit is critical for applications such as quantum repeaters and entanglement purification protocols. The 0.5-ms spin memory interval in our experiments can be extended to several hundred microseconds using spin echo techniques. Furthermore, by mapping the electronic spin state onto proximal nuclei, T can be extended to hundreds of milliseconds 22 . The key limitation in attaining a large figure of merit is low p. It can be circumvented if optical cavities are used, which simultaneously enhances emission into the ZPL and improves collection efficiency through integration with appropriate waveguides. For example, by using a photonic crystal nanocavity [27] [28] [29] , the potential rate for spin-spin entanglement generation can be about 1 MHz for t , 1/c and a few hertz for t corresponding to L < 100 km, resulting in p 2 cT 1zct §1. Beyond this specific application, our ability to control interactions between NV centres and quantum light fields demonstrates that quantum optical techniques, such as all-optical spin control, non-local entanglement 11 and photon storage 30 , can be implemented using long-lived solid-state qubits, paving the way for a wide variety of potential applications in quantum optics and quantum information science. 
